Background: Numerous studies have demonstrated that the levels of prostaglandins are greater in various cancers, including breast cancer and colon cancer, than in normal tissues. In particular, the inducible form of cyclooxygenase (COX), the rate-limiting enzyme in prostaglandin biosynthesis, is overexpressed in colon tumors. Epidemiologic studies have demonstrated that the use of aspirin or other nonsteroidal antiinflammatory drugs (NSAIDs) can reduce the risk of colon cancer and, to a lesser extent, the risk of breast cancer. NSAIDs are known to inhibit COX, suggesting that the beneficial effect of NSAIDs in colon cancer may be related to COX overexpression in this disease. This possibility led us to ask whether COX is also overexpressed in breast cancers. Methods: Surgical specimens from 44 patients with breast cancer who had undergone lumpectomy or mastectomy were analyzed by immunoblot analysis and immunohistochemical analysis to determine the expression profile of the constitutively expressed form of cyclooxygenase (COX-1) and the inducible form (COX-2); the specimens from 14 patients included normal breast tissue. Results: Expression of COX-1 protein was substantially higher in 30 of 44 tumor samples than in any of the 14 normal tissue specimens. Immunoblot analysis revealed extremely high levels of COX-2 protein in two tumor samples. Immunohistochemical staining of specimens that expressed COX-1 and/or COX-2 revealed that COX-1 was localized in stromal cells adjacent to the tumor but not in tumor cells. In contrast, COX-2 was localized primarily in tumor cells but also appeared in stromal cells. Conclusion: Our results suggest that overexpression of COX may not be unique to colon cancer and may be a feature com-
Various epidemiologic studies have revealed that the use of aspirin or other nonsteroidal anti-inflammatory drugs (NSAIDs) can reduce the risk of colon cancer (1) (2) (3) (4) . Epidemiologic studies investigating the effects of NSAIDs on cancers other than colon cancer have been limited and have yielded inconclusive results. Three prospective studies (1, 5, 6) and one case-control study (7) revealed no statistically significant relationship between the use of NSAIDs and the risk of breast cancer. However, a case-control study (3) and a prospective study (8) showed a statistically significant reduction of breast cancer risk with the use of NSAIDs.
Cyclooxygenase (COX) (otherwise known as prostaglandin endoperoxide synthase) catalyzes the conversion of arachidonic acid to prostaglandin endoperoxide (prostaglandin H 2 ). This is the ratelimiting step in prostaglandin and thromboxane biosynthesis. Two isoforms of COX have been cloned from various animal cells: 1) constitutively expressed COX-1 (9-13) and 2) mitogen-inducible COX-2 (14) (15) (16) (17) (18) (19) . Numerous studies (20) (21) (22) (23) (24) (25) have demonstrated that the levels of prostaglandins in various tumors or the tumor's biosynthetic capacity for prostaglandins is greater than that of normal tissues. Recently, it has been shown that the inducible form of COX is overexpressed in colon tumor tissues (26) (27) (28) (29) . Malignant human breast tumors produced more prostaglandin-like material than did benign tumors or normal breast tissues (20) . Thus, it needs to be determined whether the increased prostaglandin production in tumors other than colon cancer is also due to enhanced expression of COX.
In this study, we evaluated the profile of COX expression in mastectomy and lumpectomy specimens from patients with breast cancer to determine whether overexpression of COX is unique to colon cancer or whether it also occurs in breast cancer.
Materials and Methods

Tissue Samples
Lumpectomy and mastectomy specimens from patients with breast cancer were separated into tumor tissue and predominantly normal tissue by a pathologist. They were then quickly frozen in liquid nitrogen, and portions of the specimens were embedded in paraffin. Samples were analyzed from 44 patients, including 14 patients whose specimens included both tumor and normal breast tissues with no histologic evidence of presence of cancer cells.
Immunoblot Analysis
Frozen tissues were homogenized in lysis buffer (50 mM Tris-HCl [pH 7.4], 1% Triton X-100, 1 mM diethyldithiocarbamic acid, 1 mM ethylenediaminetetraacetic acid [EDTA], 1% Tween 20, 10 M leupeptin, and 1 mM phenylmethylsulfonyl fluoride) on ice. The lysates were sonicated at 35 strokes, then centrifuged at 10 000g at 4°C for 20 minutes. After centrifugation, the supernatant was used for immunoblot analysis. Immunoblot analysis for COX-1 and COX-2 was carried out essentially as described in our previous study (30) . Briefly, solubilized proteins were separated in a sodium dodecyl sulfatepolyacrylamide gel (8% gel) and transblotted onto a polyvinylidene difluoride transfer membrane. The membrane was blocked with 5% nonfat dry milk in phosphate-buffered saline (PBS) containing 0.1% Tween-20. The membrane was analyzed by the ECL detection system (Amersham Life Science Inc., Arlington Heights, IL). Polyclonal anti-COX-2 antibodies were prepared as described in our previous study (31) . To prepare polyclonal antibodies for COX-1, we immunized three rabbits with COX-1 protein purified from ram seminal vesicle (Oxford Biomedical, Oxford, MI). Antiserum from one of the rabbits showed no cross-reactivity with COX-2 protein as assessed by western blot analysis (Fig. 1,  C) . The anti-COX-1 antibodies recognized COX-1 from human platelets, rat alveolar macrophages, and murine peritoneal macrophages. To prepare polyclonal anti-COX-2 antibodies, we used a 19-amino acid polypeptide conjugated to thyroglobulin, as described in our previous study (30) . This sequence is present in the carboxyl-terminal region of murine COX-2 but not in COX-1. These anti-COX-2 antibodies recognize COX-2 from humans, rats, and mice. Polyclonal anti-actin antibody was purchased from Sigma Chemical Co., St. Louis, MO.
Immunohistochemical Analyses
Formalin-fixed, paraffin-embedded tissues were cut to 4 m, and sections were deparaffinized, hydrated through graded xylene and alcohol, and treated with 0.05% saponin in PBS. Sections were incubated in a humidified chamber at 37°C with the following reagents at dilutions and times indicated: normal goat serum (1 : 200 
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Results
Immunoblot Analysis of COX in Breast Tumor Tissues and Matched Normal Tissues
Surgical specimens from 44 patients were analyzed; specimens from 14 patients, mostly those who underwent mastectomy, included normal breast tissue. Substantially higher levels of constitutively expressed cyclooxygenase (COX- A portion of the frozen tissue was homogenized in lysis buffer, and the solubilized lysate obtained after centrifugation (10 000g for 20 minutes at 4°C) was subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (8% gel) and immunoblot analysis for COX-1 and COX-2, as described in the ''Materials and Methods'' section. A) Results obtained for five representative tumor (T) and normal (N) tissues are shown. Solubilized lysates of human platelets and of a monocytic cell line (RAW 264.7) that had been stimulated with lipopolysaccharide (LPS) were used as positive controls (C) for COX-1 and COX-2, respectively. For actin, no positive control was used. Samples 1, 2, 3, 4, and 5 correspond to patients 4, 6, 9, 10, and 11, respectively, in Table 1 . B) Tumor samples that had been incubated with COX-1 or COX-2 antiserum, with or without pretreatment with the respective antigen (purified COX-1 protein from ram seminal vesicle for COX-1 and a 19-amino acid peptide used for immunization for COX-2, respectively). T5 and T2 are the same tumor samples used in A. C) COX-1 and COX-2 immunoblots to test whether COX-1 antibodies cross-react with COX-2 and whether COX-2 antibodies cross-react with COX-1. Lane 1, cell lysate of RAW 264.7 cells without LPS treatment; lane 2, cell lysate of RAW 264.7 cells treated with LPS (this lysate contains only COX-2); lane 3, cell lysate of human platelets (this lysate contains only COX-1). D) Expression of COX-2 messenger RNA (mRNA) in breast tumor samples that express COX-2 protein. Total RNA was extracted from frozen tissues, and the abundance of COX-2 mRNA was determined by the ribonuclease (RNase) protection assay as described in the ''Materials and Methods'' section. The same samples that were analyzed in Fig. 1 , A, and another set (#6) in which tumor tissue (patient 29 in Table 1 ) expresses COX-2 protein were analyzed by use of the RNase protection assay. KD ‫ס‬ kilodaltons.
1) protein were detected in 30 of 44 tumor tissues as compared with the levels in 14 normal tissues, whereas exceedingly high levels of COX-2 protein were detected in two tumor tissues. The levels of COX-1 or COX-2 protein in normal tissues were below the detection limit of the immunoblot analysis used in the present study. However, if the film was exposed to the membrane for a longer period of time, COX-1 protein was clearly detected (data not shown), indicating that COX-1 is expressed in the normal breast tissue as well. Results of the immunoblot analyses of five representative tumor tissues and matched normal tissues are shown in Fig.  1 , A. COX-1 and COX-2 antibodies, pretreated with the respective antigen, were unable to detect COX-1 or COX-2 protein from the tumor samples (Fig. 1, B) , demonstrating the specificity of the antibodies.
In addition, anti-COX-1 antibody showed negligible cross-reactivity with COX-2, as assessed by western blot analysis (Fig. 1, C) . Platelets are known to contain only COX-1. However, the monocytic cell line RAW 264.7 does not express COX-1 but selectively expresses COX-2 in response to lipopolysaccharide (LPS), as shown in our previous study (30) . Thus, a cell lysate of human platelets or of RAW 264.7 cells that had been stimulated with LPS was used as a standard for COX-1 or COX-2, respectively. Anti-COX-2 antibodies did not cross-react with COX-1 in human platelets (Fig. 1, C) .
RNase Protection Assay of COX-2 Messenger RNA in Breast Tumor Samples That Overexpress COX-2 Protein
The same sets of samples analyzed in Fig. 1 , A, and an additional set (from patient 29; lane 6, Fig. 1, D) in which the tumor tissue expresses COX-2 protein were assayed by use of the RNase protection assay. COX-2 messenger RNA (mRNA) was detected in two tumor tissues (2T and 6T in Fig. 1, D) but not in normal tissues. The levels of COX-1 mRNA were below the detection limit of the RNase protection assay we used. However, COX-1 mRNA was detected by reverse transcription-polymerase chain reaction (RT-PCR) by use of the primer sequences of TGCATGTGGCTGTG-GATGTCATCAG (forward) and CA-CAGCAGGCCCATCATCCTGAC (reverse) (data not shown).
Immunohistochemical Analysis of Breast Tumor Tissues for COX-1 and COX-2
Immunohistochemical staining of the formalin-fixed, paraffin-embedded tumor tissue (from patient 27 in Table 1 ) with the use of anti-COX-1 antiserum revealed that COX-1 was localized in stromal cells (probably including macrophages) adjacent to the tumor cells but not in the tumor cells themselves (Fig. 2, b ). In contrast, COX-2 was localized primarily in tumor cells, as well as in some stromal Infiltrating ductal carcinoma + cells, in a specimen from patient 6 in Table 1 ( Fig. 2, e) . Immunohistochemical staining of a longitudinal section from patient 6 of an artery in tumor tissue that expresses COX-2 (T2 in Fig. 1, A) also demonstrated intense staining of the smooth muscle cells with anti-COX-2 antibodies (Fig. 3, a) , whereas the smooth muscle cells did not stain with COX-2 preimmune serum or anti-COX-1 antiserum (Fig. 3, b and c).
Discussion
In our previous studies, COX-1 mRNA was not detected by the RNase protection assay despite the presence of COX-1 protein in rat alveolar macrophages (30) ; however, COX-1 mRNA was detected by RT-PCR (31) . Thus, it is not uncommon to see high levels of expression of COX-1 protein in the presence of trace amounts of its mRNA. Parrett et al. (32) recently showed that COX-2 mRNA was detected by RT-PCR in all 13 breast tumor samples that they studied. However, they did not determine the frequency of COX-2 and COX-1 protein expression in their samples. The discrepancy in the frequency of COX-2 expression between the study by Parrett et al. (32) and our study is dramatic (100% [13 of 13] versus 5% [two of 44], respectively). This discrepancy needs to be evaluated on the basis of analytic methods used and the criteria by which expression frequency is determined. We based the frequency of COX-2 expression on both increased protein levels, as determined by immunoblot analysis, and a parallel increase in endogenous levels of mRNA, as determined by the RNase protection assay instead of RT-PCR.
The pattern of COX expression in breast tumor tissues was quantitatively different from that in colon tumor tissues. Kargman et al. (28) showed that COX-2 protein was overexpressed in 19 of 25 colon tumor tissues, whereas COX-1 protein was detected in all normal and tumor tissues. In our study, much greater levels of COX-1 protein were detected in 30 of 44 tumor samples than in 14 normal tissues. The frequency of COX-2 expression in our study (two of 44 breast tumors), determined by immunoblot analysis, was much lower than that for colon cancer. The finding of marked expression of COX-2 by smooth muscle cells of a small artery near tumor tissue that overexpressed COX-2 is itself intriguing. One possible explanation for this result is that cancer cells may release paracrine factor(s) that can induce the expression of COX-2 in arterial smooth muscle cells and perhaps in other cell types in tumorbearing tissues.
Our results indicate that the overexpression of COX-1 protein occurs more often than that of COX-2 protein in most breast tumors analyzed. Since COX-1 protein is localized mainly in stromal cells instead of tumor cells, these results suggest the possibility that tumor cells may release factors that stimulate the recruitment of cells expressing COX-1 or that stimulate neighboring stromal cells to express COX-1 in addition to COX-2. Prostaglandins derived from stromal cells can act on tumor cells in a paracrine fashion, or vice versa. It has been demonstrated that the expression of COX-2 can be induced by cyclic adenosine monophosphate (cAMP) in mouse osteoblastic cells (33) , suggesting that COX-2 expression can be increased in response to its catalytic product-prostaglandin E 2 -via the cAMP-signaling pathway. The COX-1 gene is considered to be a housekeeping gene. However, details of the regulation of COX-1 expression are virtually unknown.
Since the COX expressed in the breast tumor cells in our studies is primarily COX-2, COX-2 may be responsible for the production of prostaglandins during the tumor development. As the tumor progresses, COX-1 may become expressed in stromal cells, even when nearby tumor cells do not overexpress COX-2. This expression of COX-1 in stromal cells may play an important role in producing prostaglandins in later stages of tumor development. This implies that there may be a difference in the potential efficacy of chemoprevention between specific inhibitors of COX-2 and general inhibitors of COX. Constitutively expressed COX-1 and mitogen-inducible COX-2 are separate gene products, but both isozymes are structurally homologous and possess similar kinetic properties (34) . Thus, although the regulatory mechanism for the expression of each isozyme is quite different, the net effect of the expression of either isozyme would be similar, i.e., an enhanced capacity of tissues to produce prostaglandins. For those tumors for which aspirin or NSAIDs are known to be beneficial in reducing the risk, the differential expression of COX-1 and COX-2 at various stages of tumor development could have profound implications for selecting the proper type of COX inhibitor to test as a potential chemopreventive agent.
The mechanism by which aspirin and other NSAIDs act to reduce the risk of colon cancer is not well understood. Since the well-documented pharmacologic action of aspirin and other NSAIDs is to inhibit cyclooxygenase, it can be inferred that the beneficial effect of NSAIDs may be mediated through the inhibition of prostaglandin biosynthesis by NSAIDs. A corollary to this is that any dietary or pharmacologic agent that suppresses the production of prostaglandins may also help to reduce the risk of colon cancer. However, experimental evidence supporting this hypothesis has not been demonstrated in humans.
The factors that cause the expression of COX-2 in tumor cells and stromal cells and the role that COX-2 plays in tumorigenesis are not well understood. Results from a recent study (35) with transgenic mice provide genetic evidence that the induction of COX-2 is an early, ratelimiting step for adenoma formation. Furthermore, a specific inhibitor of COX-2 markedly reduces the number of polyps in APC ⌬716 (+/−) heterozygous mice. Tsujii and DuBois (36) showed that rat intestinal epithelial cells transfected with COX-2 complementary DNA (cDNA) are resistant to apoptosis. They have also shown that COX-2 expression in human colon cancer cells increases the metastatic potential (36) . These results suggest that COX-2 overexpression leads to phenotypic changes in cells that can enhance the cells' tumorigenic and metastatic potential. Recently, Narko et al. (37) demonstrated that immortalized endothelial cells transfected with COX-1 cDNA become tumorigenic when they are injected into nude mice. Our results, which demonstrate an increased expression of COX-1 and COX-2 in breast tumors, underline the need for further study of the role of COX overexpression in breast tumors and the effects of NSAIDs on the risk of breast cancer.
